High-valent metal-oxo complexes are produced by successive electron-transfer oxidation of metal complexes with one-electron oxidants in the presence of water, which is an oxygen source in the generation of the metal-oxo complexes. Then, metal-oxo complexes oxidize substrates to yield oxygenated substrates, accompanied by the regeneration of reduced metal complexes. Thus, the oxidation of substrates using one-electron oxidants can be catalyzed by metal complexes via formation of high-valent metal-oxo complexes by the electron-transfer oxidation of metal complexes in the presence of water as an oxygen source. When water is used as a substrate, water is oxidized by one-electron oxidants to evolve dioxygen via an OAO bond formation process. The one-electron oxidants used for the formation of high-valent metal-oxo complexes can be replaced by much weaker oxidants, when a photosensitizing metal complex, such as [Ru (bpy) 3 ] 2+ (bpy = 2,2 0 -bipyridine), is employed as a photocatalyst, an oxidized form of the photocatalyst, which is generated via photoinduced electron transfer from the excited state to a weaker oxidant, can oxidize metal complexes in the presence of water to afford the high-valent metal-oxo complexes. Thus, the oxidation of substrates, including water oxidation, by weak oxidants can be catalyzed by metal complexes under photoirradiation of the photocatalyst using water as an oxygen source.
Introduction
High-valent metal-oxo complexes are known as active intermediates in a variety of metal-catalyzed oxidation reactions, such as hydroxylation of alkanes, sulfoxidation of sulfides, epoxidation of olefins, aromatic oxidation and water oxidation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In cytochrome P450 enzymes, generation of iron(IV)-oxo porphyrin p-radical cation species, (P (1) [20] [21] [22] [23] [24] [25] . Compound I is also generated by the reaction of (P [33] . Since then, a number of high-valent metal-oxo complexes have been synthesized by the successive electron-transfer oxidation of metal complexes by two equiv. of oxidants (electron acceptors) with H 2 O as an oxygen source of the oxo ligands [34] [35] [36] [37] [38] [39] [40] [41] . 
As mentioned above, high-valent metal-oxo complexes (M . Herein, we review the recent advances in the catalytic oxygenation of substrates, including water oxidation, by oneelectron oxidants with metal complexes using water as an oxygen source by focusing on the optimization the catalytic activity.
Synthesis of metal-oxo and catalytic oxygenation of substrates by CAN
The oxidation of metal complexes by CAN has shown the generation of high-valent metal-oxo complexes. For example, a bis-aqua Ru II [42] . The catalytic turnover number (TON) was 2560 [42] . When the reaction was conducted in H 2 18 O, 18 O was completely incorporated into adipic acid as revealed by the molecular ion peak of adipic acid at m/z = 155 ([M+H] + ), which is 8 units higher than the mass number of adipic acid in H 2 16 O [42] . This confirmed that all the oxygen atoms in adipic acid derived from water. The catalytic cycle of the eight-electron oxidation of cyclohexene by CAN with 1 is shown in Scheme 2. 1 is oxidized by two equiv. of CAN to produce the Ru IV (O) species (2), which transfers oxygen atom to cyclohexene to produce cyclohexene oxide [42] . Under acidic conditions, cyclohexene oxide is hydrolyzed to produce cyclohexane-1,2-diol, which is further oxidized by two equiv. of 2 to produce cyclohexane-1,2-dione [42] . The subsequent Baeyer-Villiger-like oxidation gives an acid anhydride, and a final hydrolysis under strong acidic conditions yields adipic acid [46] .
A water-soluble styrene derivative, sodium styrene-4-sulfonate was also oxidized by CAN with 1 to produce 4-(1,2-dihydroxye thyl)benzenesulfonate, which is the product of an acid-catalyzed ring-opening reaction of the corresponding epoxide [42] . In the presence of 8 equiv. of CAN, the water-soluble styrene derivative was fully oxidized to yield the corresponding benzoic acid and formic acid via the diol and benzaldehyde intermediates as shown in Fig. 1 [42] . The stepwise oxidation of the styrene derivative by 2 up to the eight-electron oxidation is shown in Scheme 3 [42] . A watersoluble sodium 4-sulfonate-1-ethylbenzene underwent fourelectron oxidation to afford the corresponding acetophenone derivative selectively via hydrogen atom (H-atom) abstraction from CAH bond of the ethyl group by 2 [42] .
As demonstrated above, aqua complexes having a water molecule as a ligand are generally required to be oxidized to obtain the high-valent metal-oxo complexes. However, a high-valent metaloxo complex was generated using a coordinatively saturated metal with water as an oxygen source [47] . The crystal structure of the cation part of 4 is depicted in Fig. 2 , where the tpa ligand partially dissociates to be in a facial tridentate fashion and the uncoordinated pyridine moiety is protonated [47] . The bond length of the Ru@O bond is 1.771(4) Å, which is in the range of the values of other Ru (IV)-oxo complexes [36, 44, 48, 49] . [45, 47] . The Ru(IV)-oxo complex (4) was able to oxygenate alkylbenzene derivatives such as cumene in acetonitrile at room temperature via H-atom abstraction from cumene, followed by the dissociation of the alcohol products from the oxygen-rebound complexes, Ru(III)-alkoxo complexes, which were successfully detected by electrospray ionization mass spectrometry (ESI-MS) (Scheme 4) [47] . From the rate constants of cumene and cumene-d 12 , the kinetic isotope effect (KIE) was determined to be 12 for the H-atom abstraction step [47] . In the first step, H-atom transfer from cumene to 4 occurs to produce cumyl radical and a Ru(III)-hydroxo complex. The oxygen rebound between the cumyl radical species and the Ru(III)-hydroxo complex affords the Ru(II)-cumyl alcohol complex. The Ru(II)-cumyl alcohol complex is readily oxidized by 4 via H-atom transfer to produce the Ru (III)-hydroxo complex and the Ru(III)-alkoxo complex, which were detected by ESI-MS and EPR measurements [47] . The reverse reaction may also occur to reproduce the Ru(II)-cumyl alcohol complex, from which cumyl alcohol slowly dissociates via ligand substitution with CH 3 Fig. 3 ), by the electron-transfer oxidation of the Ru II -aqua complex with two equiv. of CAN in an acidic aqueous solution [50] . The spin state of 5 was determined to be S = 0 with the observation of a diamagnetic 1 H NMR spectrum of 5 [50] . A Ru of CAN in an acidic aqueous solution, also exhibited a diamagnetic 1 H NMR spectrum on the basis of the S = 0 spin state, due to a putative seven-coordinate pentagonal-bipyramidal structure, which should be stabilized by hydrogen bonding with solvent water molecules [51] . The Ru IV (O) complexes (2, 5 and 6) exhibited no significant difference in the reactivity for the catalytic oxidation of methanol and 1-propanaol in an acidic aqueous solutions, judging from the similar reaction rates and the activation parameters despite the difference in the spin state (S = 0 for 5 and 6, S = 1 for 2) [51] . Thus, the spin state of the Ru IV (O) complexes has no significant relevance to the reactivity in the transition structure, because the latter may have a different spin state owing to spin crossover along the reaction path [52, 53] . The logarithm of the rate constants of oxidation of 1-propanol by 2, 5 and 6 shows linear relationships with the one-electron reduction potentials of the Ru IV (O) complexes, as demonstrated in Fig. 4 . Thus, the slight difference in the reaction rates and the activation parameters results from the difference in the electron accepting ability of the three Ru IV (O) complexes rather than the difference in the spin state [51] .
Iron ( 
Catalytic oxidation of water by CAN
Ever since Meyer and co-workers reported the catalytic water oxidation by CAN to evolve O 2 using ''blue dimer", cis,cis-
, in 1982 [56, 57] , a huge number of metal complexes have been reported to catalyze water oxidation using CAN as an oxidant to evolve O 2 [36] [37] [38] [58] [59] [60] [61] [62] . Metal complexes with inorganic ligands, which are stable under water oxidation conditions, have been reported to act as robust (Fig. 5) , were also reported to act as efficient and robust oxidation catalysts for water oxidation by CAN [68] . The time course of the water oxidation by CAN with 7 is shown in Fig. 6 , where the decrease in the concentration of CAN coincides with the O 2 evolution. A nearly stoichiometric amount of O 2 (2.7 lmol) was finally produced by using 12 lmol of CAN [68] . GC-MS analysis of oxygen evolved during water oxidation using H 2 18 O confirmed that the oxygen source of evolved oxygen was water [68] . The Pourbaix diagrams (plots of E 1/2 vs pH) for 7 and 8 in the range of 0 < pH < 8 in water (Fig. 7) ) spectra [68] . The water oxidation rate slightly increased with increasing pH and the rate also increased with increasing concentration of CAN to approach a constant value [68] . Such a saturation behavior of the water oxidation rate with increasing pH and concentration of CAN indicates that the nucleophilic attack of H 2 6 -with CAN leads to the oxygen evolution [68] . The catalytic reactivity of 8 was 1.5 times higher than that of 7 [68] . The higher catalytic reactivity of 8 may result from the electron-withdrawing effect of germanium (core atom of the polyoxometalato ligand), as indicated by the smaller pK a value of 8 (6.2) as compared with 7 (6.4) [68] . A series of homogeneous iron complexes containing watercoordination sites with organic ligands also exhibited catalytic activity for water oxidation by CAN [70] [71] [72] [73] . However, the ligand dissociation of the iron complexes (9 and 10 in Fig. 8 ) was observed under acidic conditions, and the dissociated organic ligands were oxidized by CAN to yield CO 2 [73] . Fig. 9 shows the time courses of CO 2 and O 2 evolution with 9, 10, and FeSO 4 performed in a non-buffered aqueous solution and in an aqueous solution containing 0.10 M HNO 3 [73] . CO 2 evolution was observed with both 9 and 10 even at the initial reaction stage in the non-buffered solution as well as in the 0.10 M HNO 3 aqueous solution. 9 was converted to a Fe IV (O) complex during the water oxidation in competition with the ligand oxidation [73] .
When four equiv. of CAN were added to a non-buffered aqueous solution of 9, the absorption band at 760 nm due to the Fe IV @O complex immediately appeared and then decreased gradually as the O 2 evolution occurred and finally ceased. These results indicate that the iron complexes act as the true homogeneous catalyst for water oxidation by CAN at low pHs via formation of the Fe IV (O) complex in competition with the ligand dissociation and oxidation [73] .
The oxygen exchange between the Fe IV (O) complex and H 2 O was examined using labeled water [73] . First, the reaction of 9 with two equiv. of CAN was performed in H 2 16 O to produce Fe formed in the catalytic water oxidation by CAN [74] . Such binding of metal ion acting as a strong Lewis acid was reported for Fe-O-Sc and Mn-O-Sc units [75, 76] . The binding of metal ions to the metaloxo moiety was reported to enhance the reactivity of the metaloxo complexes in various oxygenation reactions of substrates [13, 14, [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] ) was reported to result in deceleration of the oxidation to evolve O 2 [90] . Thus, the acceleration effect of binding of a metal ion to the metal-oxo complex for the reduction should be well balanced with the deceleration effect of binding of a metal ion to the metal-peroxo complex for the oxidation to evolve O 2 , as observed for the role of Ca 2+ ion in the oxygen evolving complex (OEC) of Photosystem II [29] [30] [31] [32] . Reprinted with permission from Ref. [73] . Copyright 2013, American Chemical Society.
converted to the corresponding diols by hydrolysis and the diols were further oxidized to aldehydes as shown in Scheme 8 [91] . Ethylbenzene was also oxygenated to produce the corresponding alcohol [91] . 
where Z is the collision frequency taken as 1 Â 10 11 M À1 s À1 and k is the reorganization energy of electron transfer [92, 93] . revealed that the percentage of 18 O found in the epoxide was nearly quantitative, indicating that the oxygen source in the oxygenation product was water as indicated in Scheme 9 [95] . The quantum efficiency of the photocatalytic oxygenation of NaSS (20 mM -pyridylamine complexes as substrate oxygenation catalysts in aqueous Britton-Robinson (B.-R.) buffer solutions (pH 1.8) [104] . The product of the oxygenation of NaSS was only the corresponding benzaldehyde derivative, in contrast to the case in which oxidation of the same substrate with CAN as a sacrificial oxidant gave the corresponding arylaldehyde and benzoic acid derivative in the ratio of 68:32 [42] . The photocatalytic systems exhibited excellent performance as demonstrated by high turnover numbers (TONs; e.g., 8700) and high selectivity in oxidation reactions of alcohols and alkenes to afford the corresponding aldehydes or ketones [104] .
Photocatalytic oxidation of substrates
Photocatalytic oxidation of organic compounds also proceeded efficiently in a hybrid system with ruthenium-aqua complexes as catalysts, BiVO 4 
The mechanism of the photocatalytic water oxidation by persulfate was reported using a bis-hydroxo-bridged dinuclear Co III -pyridylmethylamine complex, [Co 2 (l-OH) 2 (TPA) 2 ](ClO 4 ) 4 (12) , as a homogeneous WOC [126] . The crystal structure of 12 is shown in Fig. 12 
Concluding remarks
High-valent metal-oxo complexes produced by successive electron-transfer oxidation of metal complexes with one-electron oxidants in the presence of water oxygenate various substrates, when metal complexes act as catalysts for oxygenation of substrates by one-electron oxidants with water as an oxygen source. The one-electron oxidants can be replaced by much weaker ones by combining photoinduced electron transfer from [Ru(bpy) 3 , which should undergo irreversible decomposition upon the electrontransfer reduction in competition with the back electron transfer. High-valent metal-oxo complexes can also act as reactive intermediates for the photocatalytic water oxidation as well as the thermal catalytic water oxidation by one-electron oxidants. The catalytic reactivity of metal complexes in oxygenation of substrates using water as an oxygen source including water oxidation has been controlled by the electronic and steric effects of ligands. The further elaborate design of ligands of metal complexes will lead to development of more efficient, selective and robust catalysts for thermal and photocatalytic oxidation of substrates including water oxidation. All the thermal ellipsoids are drawn at the 50% probability level. Reprinted with permission from Ref. [126] . Copyright 2016, American Chemical Society.
